The epimastigote stage of Trypanosoma cruzi undergoes PCD (programmed cell death) when exposed to FHS (fresh human serum). Although it has been known for over 30 years that complement is responsible for FHS-induced death, the link between complement activation and triggering of PCD has not been established. We have previously shown that the mitochondrion participates in the orchestration of PCD in this model. Several changes in mitochondrial function were described, and in particular it was shown that mitochondrion-derived O 2 ᭹− (superoxide radical) is necessary for PCD. In the present study, we establish mitochondrial Ca 2+ overload as the link between complement deposition and the observed changes in mitochondrial physiology and the triggering of PCD. We show that complement activation ends with the assembly of the MAC (membrane attack complex), which allows influx of Ca 2+ and release of respiratory substrates to the medium. Direct consequences of these events are accumulation of Ca 2+ in the mitochondrion and decrease in cell respiration. Mitochondrial Ca 2+ causes partial dissipation of the inner membrane potential and consequent mitochondrial uncoupling. Moreover, we provide evidence that mitochondrial Ca 2+ overload is responsible for the increased O 2 ᭹− production, and that if cytosolic Ca 2+ rise is not accompanied by the accumulation of the cation in the mitochondrion and consequent production of O 2 ᭹− , epimastigotes die by necrosis instead of PCD. Thus our results suggest a model in which MAC assembly on the parasite surface allows Ca 2+ entry and its accumulation in the mitochondrion, leading to O 2 ᭹− production, which in turn constitutes a PCD signal.
The epimastigote stage of Trypanosoma cruzi undergoes PCD (programmed cell death) when exposed to FHS (fresh human serum). Although it has been known for over 30 years that complement is responsible for FHS-induced death, the link between complement activation and triggering of PCD has not been established. We have previously shown that the mitochondrion participates in the orchestration of PCD in this model. Several changes in mitochondrial function were described, and in particular it was shown that mitochondrion-derived O 2 ᭹− (superoxide radical) is necessary for PCD. In the present study, we establish mitochondrial Ca 2+ overload as the link between complement deposition and the observed changes in mitochondrial physiology and the triggering of PCD. We show that complement activation ends with the assembly of the MAC (membrane attack complex), which allows influx of Ca 2+ and release of respiratory substrates to the medium. Direct consequences of these events are accumulation of Ca 2+ in the mitochondrion and decrease in cell respiration. Mitochondrial Ca 2+ causes partial dissipation of the inner membrane potential and consequent mitochondrial uncoupling. Moreover, we provide evidence that mitochondrial Ca 2+ overload is responsible for the increased O 2 ᭹− production, and that if cytosolic Ca 2+ rise is not accompanied by the accumulation of the cation in the mitochondrion and consequent production of O 2 ᭹− , epimastigotes die by necrosis instead of PCD. Thus our results suggest a model in which MAC assembly on the parasite surface allows Ca 2+ entry and its accumulation in the mitochondrion, leading to O 2 ᭹− production, which in turn constitutes a PCD signal.
INTRODUCTION
Trypanosoma cruzi is a protozoan parasite of the order Kinetoplastida that causes Chagas' disease, an infection that affects several million people in rural regions of Latin America (http://www. who.int/tdr/diseases/chagas/swg_chagas.pdf; [1] ). The lifecycle of T. cruzi involves an insect vector and a mammalian host, as well as different forms of the parasite adapted to extremely different environments. In the insect vector, the epimastigotes replicate and transform into the non-proliferative, mammalian-infective stage, namely the metacyclic trypomastigotes. In the mammalian host, the parasite again alternates between a replicative, intracellular stage, namely the amastigote, and a non-replicative, extracellular form, namely the bloodstream trypomastigote.
With no immediate prospect of a vaccine and problems associated with current chemotherapies, the development of new treatments is an urgent priority. In this respect, basic research in mechanisms that control parasite life and death may contribute to the discovery of new potential targets for drug development. For a long time it was assumed that PCD (programmed cell death) arose along with multicellular organisms [2] . However, features similar to those described in metazoan cell apoptosis have also been reported in a variety of unicellular eukaryotes, including several members of Kinetoplastida (reviewed in [3] [4] [5] [6] [7] [8] ). These features include condensation of nuclear chromatin and DNA fragmentation, loss of ψ m (mitochondrial inner membrane potential), release of cytochrome c to the cytosol and PS (phosphatidylserine) exposure on the cell surface. In several cases, it was observed that PCD occurred along with the activation of proteases able to cleave typical substrates of caspases, central players in the orchestration of metazoan cell apoptosis, and the use of caspase inhibitors blocked some of the features associated with trypanosomatid PCD. However, there is still little information about the pathways and actors involved in triggering, regulating and executing PCD in trypanosomatids.
T. cruzi was the first unicellular organism in which PCD was described. In 1995, Ameisen et al. [9] showed that epimastigotes maintained in culture for 1-2 weeks without medium renewal transformed into metacyclic trypomastigotes or died showing morphological features of apoptosis. Those features were also observed in epimastigotes killed by the complement system when exposed to FHS (fresh human serum) [9, 10] . In this case, epimastigote PCD involved activation of caspase-like activities, DNA fragmentation and maintenance of plasma membrane integrity assessed by [ 3 H]uridine release [10] . Parasite death was completely prevented by a caspase-3 inhibitor and partially
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inhibited by L-arginine through nitric oxide-dependent pathways [10] . Recently, our group has established that, similar to what happens in metazoans, the mitochondrion was involved in orchestrating PCD in this model. Shortly after the exposure of epimastigotes to FHS, a decrease in cell respiration was observed, together with loss of ψ m , increased production of O 2 ᭹− (superoxide radical) and release of cytochrome c to the cytosol [11] . Overexpression of mitochondrial SOD (superoxide dismutase) partially inhibited epimastigote death, suggesting a central role of O 2 ᭹− in signalling/executing PCD in this model [11] . However, no information was obtained about the link between complement activation on the parasite surface and the observed changes in mitochondrial physiology and the triggering of PCD.
Activation of the complement system on cell surfaces can end with the assembly of the MAC (membrane attack complex) that forms a pore in the plasma membrane. The consequences of MAC assembly were thoroughly studied in red blood cells, in which it leads to osmotic lysis [12] . However, on nucleated cells, such consequences are more complex, ranging from necrosis to apoptosis, cell proliferation and differentiation, depending on the cell type and the amount of MAC deposited (reviewed in [13] [14] [15] ). Complement-dependent PCD, observed in several mammalian models [16 -18] , has been proposed to involve either signalling through cytosolic domains of the MAC or Ca 2+ -dependent mechanisms. In other models of PCD, increases in mitochondrial Ca 2+ and concomitant production of ROS (reactive oxygen species) by this organelle have been associated with apoptotic death (reviewed in [19] [20] [21] ). However, mitochondrial Ca 2+ overload has not been established as a link between complement deposition and PCD in mammalian cells.
In the present study, we have deepened the understanding of the mechanisms that govern PCD in T. cruzi. Using the model of epimastigotes exposed to FHS, in which there is the most information, we have identified mitochondrial Ca 2+ overload as the link between complement activation, changes in mitochondrial function and O 2 ᭹− -dependent PCD.
MATERIALS AND METHODS

Parasites
T. cruzi epimastigotes (Tulahuen-2) were cultured at 28 • C in 33 g/l brain heart infusion medium, 3 g/l tryptose, 0.02 g/l haemin, 0.4 g/l KCl and 4 g/l Na 2 HPO 4 , supplemented with decomplemented 10 % (v/v) fetal bovine serum, glucose (0.3 g/l), streptomycin sulfate (0.2 g/l) and penicillin (200 000 units/l). Mid-exponential-phase parasites (5 days) were collected by centrifugation at 800 g for 10 min and washed twice with the corresponding buffer before the experiments. Cell density was determined by counting in a Neubauer chamber. [10] . The induction of apoptosis was evaluated by: (i) assessing the exposure of PS together with the maintenance of plasma membrane integrity, and (ii) analysing DNA fragmentation. PS exposure was evaluated after 2 h of challenge by staining 1 × 10 6 cells with Annexin V conjugated with Alexa Fluor ® 488 (Invitrogen) according to the manufacturer's protocol. Before analysing the samples, 1 μg/ml PI (propidium iodide) was added so as to evaluate plasma membrane integrity. Cells were then analysed by flow cytometry, in a FACSCalibur TM apparatus (Becton Dickinson). DNA fragmentation was evaluated (i) after 6 h of exposure to the stimuli using the TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick-end labelling) kit (Invitrogen) according to the manufacturer's instructions and analysing the samples by flow cytometry, and (ii) after 24 h of exposure to the stimuli by analysing DNA fragments by agarosegel electrophoresis as previously described [10] .
Evaluation of complement activation on epimastigote surface
Complement activation was evaluated by determining the amount of C3d (the fragment of C3 that remains covalently attached to cell surfaces after complement activation) deposited on epimastigotes after 2 h of incubation with serum. After washing the cells thoroughly with PBS-Glc in order to remove all the C3 that was not covalently attached to the cell surface, cells were stained with a rabbit anti-human C3d antibody (Dako, Denmark), followed by an anti-rabbit IgG conjugated with Alexa Fluor ® 488 (Invitrogen), and analysed by flow cytometry. In addition, MAC assembly on the parasite surface was evaluated on equivalent samples by staining cells with an anti-human MAC monoclonal antibody (Dako), which recognizes a neo-epitope of C9 that is exposed when the protein is part of the MAC. Cells were then incubated with an anti-mouse IgG conjugated with FITC (Sigma) and analysed by flow cytometry.
Exposure of epimastigotes to digitonin or ionomycin
In order to evaluate the participation of Ca 2+ in the changes observed in mitochondrial physiology, epimastigotes were permeabilized with 1 fmol of digitonin per cell, an amount of digitonin that does not disturb the mitochondrial inner membrane [22] , in the presence of 0.4 mM CaCl 2 or 0.1 mM EGTA as a control. The concentration of Ca 2+ was chosen so as to mimic the amount of Ca 2+ present during the exposure of epimastigotes to 20 % FHS. Cells were resuspended at 2 × 10 7 cells/ml in 20 mM Hepes (pH 7.4), 10 mM KH 2 PO 4 , 2 mM MgCl 2 and 200 mM sucrose, incubated at 28
• C with digitonin plus Ca 2+ or EGTA, and then several parameters were evaluated: (i) the amount of Ca 2+ accumulated in the mitochondrion after 10 min of permeabilization, (ii) cell respiration and (iii) mitochondrial O 2 ᭹− production at different times after permeabilization. In other experiments, epimastigotes were exposed to the Ca 2+ ionophore ionomycin (Alexis Biochemicals). Cells at 2.5 × 10 7 cells/ml in 50 mM Hepes (pH 7.4), 116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO 4 and 5.5 mM glucose (Hepes-Glc) were incubated at 28
• C with different concentrations of ionomycin (1, 5, 10 and 20 μM) in the presence of 0.4 mM CaCl 2 or 0.1 mM EGTA as a control. The following parameters were evaluated at the indicated times after incubation with ionomycin: (i) cytosolic Ca 2+ levels, (ii) cell proliferation after 1 h, (iii) mitochondrial Ca 2+ after 10 min, (iv) mitochondrial O 2 ᭹− production, (v) PS exposure and plasma membrane integrity after 2 h and (vi) DNA fragmentation after 6 and 24 h. eliminate excess of probe. Loaded cells were challenged with the stimulus, and at different times 2.5 × 10 7 cells were collected by centrifugation at 800 g for 5 min and resuspended in 1 ml of buffer, and the excitation spectrum (300-400 nm) of fura 2 was recorded at λ em = 510 nm in an Aminco Bowman Series 2 fluorimeter (Thermo). [Ca 2+ ] i (intracellular Ca 2+ concentration) was calculated by using the following formula [23] :
where K d is the dissociation constant of the fura 2-Ca 2+ complex (224 nM), and R x , R max and R min are the ratio of fluorescence at 340 nm (maximum λ ex for Ca 2+ -bound fura 2) and fluorescence at 380 nm (maximum λ ex for free fura 2) for the sample, saturating Ca 2+ and Ca 2+ -free conditions respectively. R max and R min were obtained by recording spectra of loaded control cells first permeabilized with 200 μM digitonin in the presence of 1 mM CaCl 2 (R max ) and then after the addition of 8 mM EGTA (pH 8) (R min ).
Spectrophotometric determination of mitochondrial Ca
2+
Mitochondrial Ca 2+ was quantified as previously described [24] by releasing it through dissipation of ψ m in cells permeabilized with digitonin. Ca 2+ in the medium was then estimated measuring the changes in the absorbance spectrum of Arsenazo III [25] , using the SLM Aminco DW2000 spectrophotometer at the wavelength pair 675-685 nm. Briefly, after challenge with different stimuli, cells were collected by centrifugation at 800 g for 5 min, rinsed in 20 mM Hepes (pH 7.2), 1 mM MgCl 2 , 2.5 mM Na 2 HPO 4 and 200 mM sucrose, and resuspended in 2 ml of the same buffer at 2.5 × 10 7 cells/ml in the presence of 5 mM succinate, 40 μM Arsenazo III, 40 μM digitonin (1.6 fmol of digitonin per cell) and 5 μM AA (antimycin A) or 1 μM CCCP (carbonyl cyanide m-chlorophenylhydrazone). When indicated, Ca 2+ stored in other compartments was released by the addition of 10 μM A23187. Calibration was performed by recording changes in absorbance after the addition of known amounts of CaCl 2 .
High-resolution respirometry
Epimastigote respiration was evaluated using Oxygraph 2K (Oroboros Instruments). Cells were washed with respiration buffer (20 mM Hepes, pH 7.4, 10 mM KH 2 PO 4 , 2 mM MgCl 2 and 200 mM sucrose) and resuspended at 2 × 10 7 cells/ml, and O 2 consumption was recorded at 28
• C. The rate of O 2 consumption was calculated by means of the equipment software (DataLab) and was expressed as pmol of O 2 · s −1 · ml −1 . Cell respiration was evaluated after a 30 min exposure to FHS or IHS as a control. In some cases, serum-treated cells were permeabilized with 1 fmol of digitonin per cell while respiration was being measured. In other experiments, cells without previous treatment were permeabilized with 1 fmol of digitonin per cell in the presence of 0.4 mM CaCl 2 or 0.1 mM EGTA. The following compounds were added when indicated: 5 mM succinate, 2 mM ADP, 2 μg/ml oligomycin, 1 μM FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone) and 5 μM AA. washed with the corresponding buffer before the assays. Loaded cells were exposed to the stimuli, and after different times the fluorescence of 2 × 10 7 cells/200 μl, for the experiments involving ionomycin, and 5 × 10 6 cells/250 μl, for the experiments involving digitonin, was measured in a fluorescence microplate reader (FLUOStar Galaxy; BMG Labtechnologies) at λ ex = 510 nm and λ em = 580 nm. In some of the experiments, cells were exposed to 10 μM AA, a stimulus known to induce O 2 ᭹− production by mitochondria.
RESULTS
Exposure of epimastigotes to FHS induces a rapid accumulation of Ca 2+ in the mitochondrion
In order to assess the participation of Ca 2+ in the triggering of PCD, changes in the intracellular levels of the cation were evaluated in epimastigotes exposed to FHS. Cytosolic Ca 2+ levels were estimated at different times after exposure of parasites to FHS, IHS or FHS in the presence of 8 mM EGTA and 2 mM Mg 2+ . The last condition was used to chelate extracellular Ca 2+ , allowing complement activation to occur through the Ca 2+ -independent, Mg 2+ -dependent, alternative pathway. Exposure of cells to FHS produced a rapid increase in cytosolic Ca 2+ , which rose from approx. 70 nM to 800 nM after 20 min ( Figure 1A) . Depletion of extracellular Ca 2+ completely abrogated this increase, suggesting that FHS induced an influx of extracellular Ca 2+ rather than a mobilization of the cation from intracellular stores. Ca 2+ influx takes place through the assembly of the MAC on the epimastigote surface ( Figure 1B) , a pore that is freely permeable to ions.
In all eukaryotic cells, cytosolic Ca 2+ is kept at very low concentrations (10-100 nM) by pumping out across the plasma membrane and by sequestration in intracellular compartments, such as the endoplasmic reticulum and mitochondria. Whereas the former has high affinity and low capacity, mitochondria have lower affinity for Ca 2+ transport but enormous capacity for Ca 2+ storage [24, 26] . The driving force for Ca 2+ movement into the mitochondria is the electrical component of ψ m , which determines a net negative charge in the mitochondrial matrix. Obviously then, Ca 2+ influx transiently dissipates ψ m . Taking into account that mitochondria were quickly compromised in epimastigotes exposed to FHS [11] , the accumulation of Ca 2+ in this organelle was explored. Thus mitochondrial Ca 2+ levels were estimated by releasing the cation into the medium through the dissipation of ψ m in permeabilized cells [24] . Mitochondria from epimastigotes exposed to FHS for 10 min released approx. 0.5 fmol of Ca 2+ per cell, whereas Ca 2+ released from mitochondria of control cells was almost undetectable (Figure 2 ). Cells exposed to FHS for longer times also released Ca 2+ from their mitochondria, although in smaller amounts. Taking into account the number of cells and the volume occupied by the mitochondrion in each cell (approx. 12 %; [27] ), the total Ca 2+ concentration in the mitochondrion of cells exposed to FHS for 10 min was estimated at 80-140 mM (depending on the experiment). Thus the influx of extracellular Ca 2+ induced by FHS was paralleled by mitochondrial Ca 2+ overload.
FHS-induced changes in mitochondrial respiration were explained by substrate loss and Ca 2+ overload
Exposure of epimastigotes to FHS induced a rapid decrease in cell respiration and ψ m , impairment of ATP synthesis and ADP transport into the mitochondria, as well as increased production of O 2 ᭹− [11] . In order to explain these observations and their relationship with the accumulation of Ca 2+ in the mitochondria, O 2 consumption on intact and digitonin-permeabilized cells was assessed by high-resolution respirometry.
Epimastigotes incubated with FHS for 30 min showed a 54 % reduction in O 2 consumption with respect to control cells, i.e. the cells treated with IHS (Table 1A) . Interestingly, the addition of succinate increased the respiration rates of FHS-treated cells to the level of control ones, whereas it had no effect on the latter (Table 1A) , suggesting loss of respiratory substrates due to the partial permeabilization of the plasma membrane by the MAC. The subsequent addition of ADP did not enhance further the respiration of FHS-treated cells (Table 1A ). The addition of oligomycin, an inhibitor of ATP synthase, decreased O 2 consumption, the effect being more pronounced in control cells (decrease of 68 % with respect to basal respiration) than in FHS-treated cells (decrease of 42 % with respect to respiration in the presence of succinate). However, in these experiments it was difficult to compare the two groups of cells, as in the ones exposed to IHS, respiration was based on endogenous substrates, whereas FHS-treated cells were using non-limiting amounts of exogenously added succinate. Thus, in order to compare both groups under the same conditions, the plasma membrane was permeabilized and respiration on exogenous substrates was measured. It is important to take into account that trypanosomatids possess a single, very large, mitochondrion that is almost impossible to isolate in an intact form. In order to bypass this difficulty, the strategy normally used is the permeabilization of the plasma membrane with a concentration of digitonin that does not affect the mitochondrial inner membrane [22] . Table 1(B) shows respiration of digitonin-permeabilized cells that were previously treated for 30 min with FHS or IHS. Cells exposed to IHS showed a decrease in respiration after permeabilization of the plasma membrane due to the loss of endogenous substrates, a moderate increase (1.4-fold) in respiration after addition of succinate, and a significant rise in O 2 consumption after addition of ADP (Table 1B) . Mitochondrial coupling is usually evaluated by the RCR [respiratory control ratio; respiration in the presence of succinate+ADP (state 4)/respiration in the presence of succinate (state 3)], which equalled 1.50 in control cells. Contrarily, cells exposed to FHS showed a 2.8-fold increase in respiration after addition of succinate, they did not display further increase after ADP addition (RCR was 1.07), and only a moderate one was observed with FCCP (Table 1B) . Thus it seemed that exposure of epimastigotes to the death stimulus led to a loss of respiratory substrates as well as a partial uncoupling of the mitochondrion. Coupling between electron transport and ATP synthesis depends on ψ m . It was shown that Ca 2+ accumulated in the mitochondria of FHS-treated cells, a process expected to decrease ψ m . This could explain the apparent uncoupling observed in mitochondria of cells exposed to FHS. In order to assess this hypothesis directly, cells were permeabilized with digitonin in the presence or absence of Ca 2+ , and then mitochondrial Ca 2+ accumulation and cell respiration were evaluated. It was observed that cells permeabilized in the presence of Ca 2+ for 10 min accumulated in the mitochondria approx. 0.8 fmol of Ca 2+ per cell ( Figure 3A) , an amount similar to that estimated in cells exposed to FHS. Moreover, cells permeabilized in the presence of Ca 2+ showed a pattern of O 2 consumption very similar to the one observed with epimastigotes exposed to FHS (Table 1C) : decrease in respiration after plasma membrane permeabilization, 7.3-fold increase in respiration after addition of succinate, and no significant further increase after ADP (RCR = 1.04) or FCCP addition. Contrarily, mitochondria of cells permeabilized in the absence of Ca 2+ were coupled, showing an RCR of 2.29 (Table 1C) . Also, it was determined that mitochondria of cells permeabilized in the presence of Ca 2+ produced measurable amounts of O 2 ᭹− , a fact that was not observed in the absence of the cation ( Figure 3B ). Thus accumulation of Ca 2+ in the mitochondrion explains the apparent uncoupling of mitochondria as well as the increase in O 2 ᭹− production observed in cells exposed to FHS [11] . 
Mitochondrial Ca
2+ overload is needed for triggering PCD in T. cruzi epimastigotes A link between mitochondrial Ca 2+ overload and the triggering of PCD was explored. First, parasites were exposed to FHS in the presence of EGTA and Mg 2+ , a condition that was previously shown to inhibit Ca 2+ influx into the cell ( Figure 1A ). Under this condition, cell death was not observed after 1 h of challenge ( Figure 4A) , it was significantly reduced after longer incubations (results not shown) and DNA fragmentation was not detected ( Figure 4B ). However, restricting complement activation to the alternative pathway through chelation of Ca Figure 4C ). This implied that epimastigotes activated the complement system by the Ca 2+ -dependent pathways, a fact that was underestimated in previous studies [28] . In addition, the observation did not make it possible to establish a direct link between complement-mediated Ca 2+ influx and triggering of PCD, as the eventual involvement of other complement-dependent events could not be ruled out. As an alternative approach, the use of an intracellular chelating agent {BAPTA/AM [bis-(o-aminophenoxy)ethane-N,N,N ,N -tetraacetic acid tetrakis(acatoxymethyl ester)]} was attempted, but it was revealed to be not fully effective in attenuating the increase in intracellular Ca 2+ (results not shown). Then, an indirect approach to associate mitochondrial Ca 2+ with PCD was used. It consisted in evaluating cellular status after ionomycin-mediated Ca 2+ influx. First, different concentrations of ionomycin were tested, so as to choose one that produced a Ca 2+ influx similar to the one observed with FHS. This was achieved only with high concentrations of ionomycin (10-20 μM) (Figure 5 ), which were then used for evaluating mitochondrial Ca 2+ overload, mitochondrial O 2 ᭹− production and cell death. First, it was observed that the ionophore, although increasing the cytosolic Ca 2+ levels, did not allow the accumulation of the cation in the mitochondrion ( Figure 6A ). This was due to the ionophore itself, which also mediates the mobilization of Ca 2+ out of the mitochondrion. Secondly, under these conditions, formation of O 2 ᭹− in the mitochondrion was not detected (Figure 6B ), reinforcing the idea that mitochondrial Ca 2+ overload is the cause of the increased O 2 ᭹− generation observed in cells exposed to FHS or permeabilized with digitonin in the presence of Ca 2+ . Cells exposed to ionomycin and Ca 2+ died after 1-2 h of challenge ( Figure 7A) . Interestingly, the analysis of different parameters so as to discriminate necrotic from apoptotic-like death showed that ionomycin induced necrosis rather than apoptosis: plasma membrane integrity was not maintained after 2 h of challenge ( Figure 7B ) and DNA fragmentation was not detected either by TUNEL and flow cytometry ( Figure 7C ) or by resolving DNA fragments by using agarose-gel electrophoresis ( Figure 7D ). In summary, the results obtained with ionomycin showed that a rise in cytosolic Ca 2+ , if not paralleled by its accumulation in the mitochondrion and the concomitant production of O 2 ᭹− , led to necrotic rather than to apoptotic death.
FHS-treated cells (
DISCUSSION
It has been known since 1975 that T. cruzi epimastigotes, contrarily to the mammalian infective forms, are killed by complement [28] . Epimastigote death was described in the cited work and subsequent ones from the 1980s in terms of necrosis [28] [29] [30] . This idea was reasonable at that time, when the concept of PCD was only arising and there was no evidence that complement could induce another type of cell death apart from necrosis. However, it has now been established that complement kills epimastigotes through a process with morphological characteristics of apoptosis [9,10]. We have used this model to learn about the molecular mechanisms that govern PCD in this parasite. We showed that, as it happens in metazoans, the mitochondrion is a central organelle in the orchestration of PCD [11] . Changes in mitochondrial function, and, in particular, the production of O 2 ᭹− , were identified as key events in the signalling/execution of the process [11] . In the present study, we establish mitochondrial Ca 2+ overload as the link between the observed mitochondrial changes and the activation of the complement system on the parasite surface.
The complex changes in mitochondrial function observed previously in epimastigotes exposed to FHS [11] can be reinterpreted in the light of the results presented in the current study. In addition to allowing the influx of Ca 2+ , MAC deposition led to a partial loss of respiratory substrates and was thus responsible for the decrease in cell respiration observed (Table 1A and [11] ). However, it is important to note that this loss was not total, as it was possible to decrease O 2 consumption further by additional permeabilization of the plasma membrane with digitonin (Table 1B) . Thus, after treatment with FHS, electrons are still being delivered to the respiratory chain, albeit at lower rates. The study of cell respiration also showed that after challenge with FHS, the mitochondrion became partially uncoupled (Table 1B) . This phenomenon is in line with the observed massive accumulation of Ca 2+ by this organelle (Figure 2 ), a process expected to reduce ψ m and thus inhibit ATP synthesis [31] , two events known to occur soon after exposure to FHS [11] . In agreement with this scenario, it was possible to mimic the changes in respiration observed in epimastigotes exposed to FHS by permeabilizing the plasma membrane with digitonin in the presence of Ca 2+ (Table 1C) . Calcium overload was also responsible for the increased production of O 2 ᭹− observed in epimastigotes exposed to FHS. A connection between these two phenomena has been reported in several other eukaryotic, and especially mammalian, systems (reviewed in [19] [20] [21] ); however, the mechanisms underlying such a link have not been clearly unravelled. In fact, the connection is certainly counterintuitive, as an influx of Ca 2+ into mitochondria is expected to dissipate ψ m , an event normally associated with decreased ROS production. Moreover, Ca 2+ overload and ROS have been implicated in the induction of the MPT (mitochondrial permeability transition), a non-selective increase in inner membrane permeability. Although the mitochondria of epimastigotes accumulated high amounts of Ca 2+ during exposure to FHS (Figure 2 ), MPT did not occur, coincident with a previous work that showed that the T. cruzi mitochondrion is extremely resistant to MPT [24] . In agreement, it was observed that even after 1 h of exposure to FHS, the mitochondrion was able to take up Ca 2+ from the medium (see Supplementary Figure S1 at http://www.BiochemJ.org/bj/418/bj4180595add.htm), something that would not be possible after MPT.
We have obtained evidence that mitochondrial Ca 2+ overload was directly associated with the triggering of PCD through the production of O 2 ᭹− . When the cytosolic Ca 2+ rise was not paralleled by mitochondrial overload and O 2 ᭹− production, as happened in cells exposed to ionomycin (Figures 6A and  6B) , PCD was not activated (Figures 7B-7D) . Thus signalling and/or execution of PCD in T. cruzi may involve molecules that can be modified by O 2 ᭹− -dependent oxidation/reduction. These targets probably do not react readily with H 2 O 2 , the product of O 2 ᭹− dismutation, as overexpression of mitochondrial SOD, which is expected to increase the steady-state levels of H 2 O 2 , protected parasites from FHS-induced death [11] . It is interesting to note that ROS appear as central players in several models of trypanosomatid PCD, either acting as inductors [32, 33] or participating in the signalling/execution of the process [11, [34] [35] [36] . Indeed, early reports on T. cruzi cell death induced by β-lapachone, a redox cycling agent, showed morphological features that could be compatible with PCD [37] .
In mammalian cells exposed to complement, mitochondrial Ca 2+ overload frequently leads to necrosis, due to a complete loss of mitochondrial function and an associated energetic crisis [38] . Why does T. cruzi respond to complement-dependent Ca 2+ rise by triggering PCD instead of necrosis? Some clues may be found in peculiar characteristics of the T. cruzi metabolism. One is the high capacity of the T. cruzi mitochondrion for Ca 2+ storage, and its resistance to MPT [24] . This allows the organelle to act as an efficient buffer for high rises in cytosolic Ca 2+ without collapsing completely, and to serve as a source of redox signals. In addition, T. cruzi has special organelles for Ca 2+ storage, the acidocalcisomes (reviewed in [39] ), whose participation in Ca 2+ homoeostasis in this model was not explored. Lastly, T. cruzi, as well as the other trypanosomatids, have an extraordinary capacity for obtaining ATP from glycolysis [40] , and this is probably the main source of energy for completion of the apoptotic programme once the mitochondrion becomes unable to perform oxidative phosphorylation. Epimastigotes were incubated with IHS or FHS for 1 h and then permeabilized with digitonin in the presence of succinate. Under this condition, mitochondria were allowed to take up Ca 2+ from the medium, which was shown by a decrease in the absorbance changes of Arsenazo III. Arrows indicate the addition of 3 μM CCCP, so as to inhibit mitochondrial Ca 2+ uptake through dissipation of ψ m , and 10 μM A23187, so as to release Ca 2+ from other compartments. Traces are representative of at least three independent experiments.
